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N G e W N

Abstract: We review the status of dark matter (DM) candidates in supersymmetric Twin Higgs
models in light of the first results of the LUX-ZEPLIN (LZ) experiment. We found that, for twin
bino-dominated DM, the new results strengthened the lower bound on the higgsino mass. However,
a large part of the parameter space consistent with natural electroweak symmetry breaking is still
allowed. In the case of twin-stau DM, the new results imply that, if the thermal abundance of
the twin-stau LSP fits the observed density of DM, the twin stau cannot have a large left-handed
component anymore.

Keywords: dark matter; supersymmetry; Twin Higgs

1. Introduction

Twin Higgs (TH) models [1] provide one of the best solutions to the little-hierarchy
problem that stems from the lack of discovery of new coloured particles up to the energy
scales probed by the LHC. In this class of models, the discovered Higgs boson is a pseudo-
Nambu-Goldstone boson of an approximate global SU(4) symmetry. In order to avoid
quadratically divergent contributions to the Higgs mass parameter from gauge and Yukawa
interactions that explicitly break the SU(4) symmetry, a discrete Z,, called twin symmetry,
is introduced.

The twin symmetry interchanges the Standard Model (SM) particles with the corre-
sponding twin particles, charged under twin gauge symmetry. In this setup, the twin top
quark cancels the most dangerous quadratically divergent correction to the Higgs mass
parameter from the SM top quark. Since the twin top quark is not charged under the SM
gauge group, the LHC is not able to set any meaningful limits on its mass.

The twin symmetry alone, however, does not stabilize the SU(4) symmetry-breaking
scale. Thus, the TH model requires UV completion that can be based, for example, on
supersymmetry (SUSY) [2-8] or composite Higgs scenarios [9-12]. In the present paper, we
focus on SUSY TH models. The twin symmetry in the supersymmetric framework implies
the existence of many new particles that do not interact electromagnetically.

Hence, if the Lightest Supersymmetric Particle (LSP) resides in the twin sector, it may
play a role of dark matter (DM) with very different features from the DM candidates in the
Minimal Supersymmetric Standard Model (MSSM). A key difference between twin SUSY
DM and the MSSM DM is that the former annihilates into twin states, and thus the relic
abundance of twin SUSY DM is mostly unaffected by the structure of the visible sector.
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This allows for disentangling the DM relic abundance from the DM-interaction rates
with nucleons that are strongly constrained by direct-detection (DD) experiments. Due to
the Z; symmetry, a typical annihilation cross-section of twin SUSY DM is that of the weak
interaction, and one may expect that the observed DM abundance is obtained for the LSP
masses consistent with natural EW symmetry breaking.

While it is expected that the DD signal for twin SUSY DM is typically suppressed,
it cannot be arbitrarily small if the TH mechanism is responsible for the solution to the
hierarchy problem. This is because twin SUSY DM may still interact with nucleons via the
mixing between the SM-like and twin Higgs bosons. This mixing is suppressed by the ratio
v/v', where v (¢v') is the SM (twin) Higgs vacuum expectation value, which is constrained
by the LHC Higgs coupling measurements to be v’ /v 2 3 [13]. The tuning of the EW scale
grows as (v’ /v)?2. Thus, for a given level of tuning of the EW scale, one expects a lower
bound on the DD cross-section.

The two realizations of twin SUSY DM proposed in refs. [14,15] share the features
described above (DM candidates have also been proposed in TH models without SUSY
UV completion; see, e.g., refs. [16-29]). In Ref. [14], it was shown that twin neutralinos can
be a natural DM candidate that avoid the shortcomings of the MSSM neutralino. On the
other hand, in Ref. [15], the twin stau was shown to be a good DM candidate in the range
of several hundred GeV without violating constraints on twin-stau self-interactions. Both
DM candidates were shown to be consistent with the Xenon1T experiment [30] in the bulk
of natural parameter space but with good prospects for detection at the LUX-ZEPLIN (LZ)
experiment [31].

The main goal of this paper is to assess the impact of the recently published first
LZ results [32], which are currently the strongest limits for DM masses above 10 GeV on
twin neutralino and twin stau DM. We show that, despite excluding some part of the
parameter space, both scenarios for twin SUSY DM can still accommodate a natural EW
scale. Nevertheless, in some scenarios, the lower bound on v’ /v becomes stronger than the
bound from the LHC Higgs coupling measurements.

The rest of the paper is organized as follows. In Section 2, we analyse the case with a
twin neutralino being the LSP. In Section 3, we focus on twin stau DM. Section 4 is devoted
to our conclusions and final remarks.

2. Twin Neutralino DM

Let us begin with the case of a twin neutralino as a DM candidate. We assume an exact
Zy symmetry for the soft SUSY-breaking terms. The twin-neutralino sector consists of four
states: bino, wino and two higgsinos. It is governed by five free parameters. The masses
of pure higgsinos, bino and wino are given by y, M; and M, respectively. The mixing
between twin neutralinos is governed by tan § and the vacuum expectation value (VEV) of
the twin Higgs boson, v’. The mixing between MSSM and twin neutralinos is suppressed
and can be safely neglected in the computation of the relic abundance and direct-detection
cross section.

In the following, we assess the impact of the new LZ results on twin-neutralino DM.
Following Ref. [14], we focus on a case in which the wino is decoupled and the Ligthest
Supersymmetric Particle (LSP) is dominated by the bino component. The naturalness of
SUSY TH models requires the supersymmetric higgsino mass parameter to be smaller than
about 1.5 TeV, which inevitably leads to some non-negligible twin-higgsino component of
the LSP. The bino-higgsino mixing is proportional to the Higgs VEV, which is larger in the
twin sector. As a consequence, the twin bino-like neutralino is generically lighter than the
bino-like neutralino.

In the MSSV, if the bino-like neutralino is the LSP, the correct relic abundance is
obtained only for fine-tuned regions of the parameter space, where s-channel resonances or
coannihilations are very efficient [33—-35]. The freeze-out of the bino is controlled by the
BB — ff process mediated by t-channel sfermion exchange, whose s-wave amplitude is
chirality-suppressed for my < Mj.
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The cross section of the p-wave annihilation scales as M% / mjf-. LEP lower bounds on

sfermion masses translate to upper limits on this cross section, which necessarily lead to
overproduction of the bino.

However, in twin supersymmetry, the masses of the twin fermions may be large
enough to avoid chirality suppression. In fact, they are larger by a factor of v’ /v due to the
Z breaking in potential. Nevertheless, in order to have m of order M;, we need to break
the Z, symmetry in the Yukawa sector as well. This is favourable from a cosmological point
of view because the Z, breaking in the Yukawa sector relaxes the AN, problem [20,21]
and allows for first-order phase transition in TH models [36]. In the following, we consider
a twin neutralino as a candidate for DM.

We consider the effect of a light stau on the relic abundance [14], motivated by the fact
that staus are the least constrained sfermion. Indeed, the LEP bound on the mass of the
stau reads mz 2 90 GeV [37-40]. The LHC constraints on the direct production of staus are
still rather weak; however, some range of parameter space with the left-handed stau mass
above the LEP bound is excluded [41]. Since the LHC constraints on direct production
of the right-handed stau are essentially absent, we consider a purely right-handed stau,
T o~ Tg, with the left-handed component decoupled.

For the calculation of the relic abundance of the twin neutralino, we use Micromegas [42-44].
We adjusted the MSSM implementation by changing v to v/, so that the masses and decay
widths of particles in the twin sector are appropriately rescaled. In this way, the coan-
nihilation within each sector is included. However, we neglect coannihilation between
twin neutralino and the MSSM states since its impact on the relic abundance is typically
small [14].

First, in Figure 1, we consider the u-M; plane. The mass of the stau is adjusted so
that, in every point of the parameter space, Qh? = 0.12. The purple-coloured region has
mz < 90 GeV and is excluded by LEP. The orange- and green-shaded regions show the DD
bounds from XenonlT and LZ, respectively. The interactions between twin neutralinos
and nuclei are mediated by the Higgs boson. We use the default Micromegas’ values of
the nucleon form factors that can be found in Table 3 of Ref. [45]. The effective interaction
between the bino-like neutralino and the Higgs boson is given by [46]

2.,/
g7v M1>v
Crprpr =~ Sog + — | —, 1
hB'B Zﬁy(zﬁ u ) M

where v/v' is the factor coming from the Higgs-twin Higgs mixing. Interestingly, the 1/v
factor cancels against the v’ in the twin bino-higgsino mixing, and the dependence on the
VEV of the twin Higgs vanishes in first approximation. This coupling becomes small for
large p, and the contribution proportional to sin 2 vanishes in the limit of large tan 5.

The twin Higgs mechanism allows for larger values of y, which is expected to be
around the SU (4)-breaking scale f = /02 + v/2, without much tuning [5]. For large M, the
Xenonl1T bound in Figure 1 requires 4 2 600 GeV, while LZ sets a lower bound y 2 900 GeV.
For the smallest neutralino mass compatible with the LEP results, M; ~ 60 GeV, the bound
is rhe strongest and gives y > 700 GeV and p > 1200 GeV from XenonlT and from LZ,
respectively. The predicted sensitivity of LZ will probe this scenario up to y ~ 3 TeV.

Blue contours correspond to mz, which reproduces the observed relic abundance.
There is a resonant suppression in the relic density at the DM mass mpp; = 0.5my ~
135 GeV from the s-channel annihilation through Z’ into twin fermions, which has been
neglected in previous work. Since the coupling of the neutralino to Z’ is proportional to
1/u? [46), the correct relic abundance is obtained for larger values of .

There should be a Higgs resonance at mpy; = 0.5m; = 62.5 GeV, shown as a thick,
dashed contour. We do not include this resonance in our computation of the relic density,
since it significantly affects the abundance only within a few hundred MeV range of the
DM masses around the centre of the resonance.




Symmetry 2023, 15, 386

40f12

Hence, the LSP mass would have to be fine-tuned at a level of one percent. This is
in contrast to the Z’ resonance, which is wide and effective for a wide range of the DM
masses between about 125 and 145 GeV.
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Figure 1. The plot of the y-M; plane with contours of the stau mass, mz = 100,200,300 GeV,
reproducing correct relic abundance Qh? = 0.12 for tan = 5, my = 0.6M; and v/ /v = 3. The LEP
constraint on the stau mass is shown by a purple-coloured region. The orange region is excluded
by the XenonlT experiment [30], and the green region is excluded by the new LZ results [32].
Black contours show the mass of the twin neutralino, while the thick dashed curve corresponds to
mDM::OEmh

Figure 2 shows the parameter space in the Mj-tan § plane with y = 1 TeV, m = 0.6 M;
and v’ /v = 3. Once again, the blue contours correspond to different values of the stau mass
reproducing the correct relic abundance. The Z’ resonance at mpy; = 0.5mz = 135 GeV
significantly boosts the twin-neutralino annihilation cross section, and the correct relic
abundance is obtained for a larger stau mass for fixed tan . Since the bino-Z coupling is
proportional to cos 23 [46], for fixed mz, the correct relic abundance in the resonance region
is obtained for smaller values of tan  with respect to the case far away from the resonance
region. Once again, we neglect the Higgs resonance in our results but acknowledge its
position as a thick dashed line at mpys = 0.5 my,.

The DD bound weakens with increasing tan j, as the first term in Equation (1) vanishes
in the large-tan § limit. The plot also shows that the lower limit on tan 8 becomes weaker
for larger M;. This is because the upper bounds on the DD cross section from LZ are
weaker for larger DM masses (above a few tens of GeV). The limit on tan 8 decreases from
about 7 to 4 when the LSP mass increases from 50 to 200 GeV.

Figure 3 shows the u-tan § plane fixing M; = 100 GeV, m, = 0.6M; and v'/v = 3.
Since we have chosen M; = 100 GeV, the correct relic abundance is obtained for a relatively
heavy twin stau, and the LEP bound on the mass of the stau is absent. We show the current
(green) and predicted (cyan) sensitivity of the LZ experiment.
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Figure 2. The plot of Mj-tanf plane with contours of the stau mass, mz = 100,200,300 GeV,
reproducing the correct relic abundance Qh? = 0.12 for 4 = 1 TeV, my = 0.6M; and v’ /v = 3.
The LEP constraint on the stau mass is shown by a purple-coloured region. The orange region is
excluded by the XenonlT experiment [30], and the green region is excluded by the new LZ results [32].

Black contours show the mass of the twin neutralino, while the thick, dashed curve corresponds to
Mmpm = 0.5m he
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Figure 3. The plot of the y-tan 8 plane with contours of the stau mass, mz =200, 300, 400, 500 and
600 GeV, reproducing the correct relic abundance Oh? = 0.12 for My = 100 GeV, my = 0.6M; and
v’ /v = 3. The LEP constraint on the stau mass is outside the plotted region. The orange region is
excluded by the Xenon1T experiment [30], and the green region is excluded by the new LZ results [32].

The predicted sensitivity of LZ corresponds to the cyan region. Black solid lines correspond to the
mass of the LSP.
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The DD bounds on y strongly depend on tan §; at large tan 8, the constraint on y can
be relaxed. Even though y in SUSY TH models is natural up to y =~ f, the results of LZ
with the full exposure probe a large portion of the parameter space. The current constraints
from LZ for tan B = 5 exclude u < 1050 GeV; however, for tan f = 10, only y < 750 GeV
is excluded. tan 8 cannot be arbitrarily large because it would lead to non-perturbatively
large twin tau Yukawa coupling, which is proportional to 1/ cos(). Due to the breaking of
Zy in Yukawa couplings, the perturbativity bound on tan  is much stronger than in the
MSSM.

For my = 60 GeV, set in Figure 3, tan § = 7 (14) corresponds to twin tau Yukawa
couplings of 0.8 (1.6) for which the Landau pole is avoided up to about 10'¢ (10%) GeV
assuming MSSM renormalization group equations. However, if tau is charged under an
extra gauge interactions with large gauge coupling, which is an essential ingredient in
SUSY D-term TH models [5-7], twin tau Yukawa can decrease with increasing energy
scales, which would strongly relax the upper bound on tan 8 from perturbativity. In such a
scenario, even tan § = 20 may not result in a Landau pole at low energy scales for which
LZ excludes pu < 600 GeV.

LZ with full exposure should probe large values of u. In the case of null results, this
suggests that large tan j is preferred in this scenario due to naturalness. For tan § = 20,
values of y will be probed by LZ only up to about 1.3 TeV.

3. Twin Stau DM

In the SUSY TH model, the couplings are fixed by the Z; symmetry. The relic abun-
dance is determined mostly by the spectrum of the theory, which we parametrize by soft
supersymmetry-breaking parameters, similarly to the MSSM. The mass matrix of the twin
stau is given by
2 _ [ Mt Ay+ml V(A= pyosin(p)) )
U\ (Ar —pypsin(B))  mig+ Ay, + my )

while the mass matrix for the MSSM stau is obtained by removing the primes from the
above formula. Throughout the paper, we assume that there is no Z; breaking in soft
SUSY-breaking terms—that is, m3; = mgp and mzg = mzg. We also implicitly assume
equal higgsino mass terms for the MSSM and twin sector as well. Moreover, without much
loss of generality, we set the soft trilinear couplings A, = Ar = 0.

The reason is that their effects are similar to the relevant part of the off-diagonal

entry v’y sin(B), and thus we can always mimic that term by adjusting y, tan f and
/

v'. In the minimal setup, there is no need for Z, breaking in the Yukawa sector and
Yr = Yr. The D-term contributions to left- and right-handed twin staus are Ay =
(—1/2 + sin® fyy) m'2 cos2B and Ay, = —m'? sin? By cos 28, where 8y is the Weinberg

angle and my is the mass of the Z' boson. Note that, for tanf > 1, the D-term con-
tributions are positive for both left-handed and right-handed staus. Thus, the gauge
contributions are larger in the twin sector since v/ /v 2 3 is required by the LHC Higgs
coupling measurements.

We assume that the twin electromagnetism is unbroken; hence, the twin stau has
long-range self-interactions mediated by the twin photon. Such interactions are constrained
by the ellipticity measurements on DM halos. Large self-interactions of the DM lead to
isotropization of the velocity distribution, which, in turn, leads to faster decrease of the
ellipticity. For the twin electromagnetic gauge coupling equal to the SM one, the bound is
my 2 210 GeV [47].

We compute the relic abundance of the twin stau with our modified version of
Micromegas. Since, in some parts of the parameter space, the mass splitting between
the MSSM stau and twin stau is very small, we include the coannihilation of the LSP with
stau using the procedure detailed in Ref. [15].
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First, we consider the case of minimal tuning, which is achieved for the smallest
v’ /v = 3 allowed by the Higgs coupling measurements. Figure 4 corresponds to the left
panel of Figure 5 in Ref. [15] with updated direct detection bound from LZ.

There are roughly four regions where the twin stau is not the LSP. As a result of the
absence of Z, breaking in the SUSY-breaking terms, small mixing leads to stau LSP or
twin sneutrino LSP (red regions). The former happens because, for mostly right-handed
stau 7, the diagonal entries dominate the mass matrix, and the MSSM stau is lighter due
to a positive D-term contribution for staus. On the other hand, in the region where the
stau is mostly left-handed, the twin sneutrino is the LSP because the D-term contribution
to the sneutrino mass squared is negative. Furthermore, for small soft stau masses, 7’
becomes tachyonic due to the large off-diagonal terms (the purple region). Finally, for
p = My = 700 GeV, the lightest MSSM neutralino has a mass of mg, =~ 600 GeV, and it
becomes the LSP when m3gr and m3y, are larger than about 600 GeV (the brown region).

The twin bino mediates t- and u-channel ¥'#' — /1’ processes, which, for light B/,
become dominant in the twin stau freeze-out. As a result, the mass of the twin stau m
reproducing the correct relic abundance (blue curve) is boosted to values between 450 and
500 GeV, as compared to the case with a heavy bino that we will discuss later.

10007

|\' L

\
\
Twin nedtralino LSP

Stau Lsp— &
s =
?BN excluded %

LZ 2022}

800 -

600

m3, [GeV]

400+

M=u=700 GeV
tan=30
j V'/v=3
200 P N A — —
200 400 600 800 1000
ng[GeV]

Figure 4. Contours of the twin-stau thermal abundance Qh;2 = 0.12 (blue) and twin stau masses
(black) for 4 = M; = 700 GeV, tan 8 = 30 and ¢’ /v = 3 in the plane mjsg - m3.. The orange and
green region denotes the area excluded by XenonlT [30] and the new LZ results [32] (cyan shows

the expected sensitivity of LZ with the full exposure [31]), assuming that the twin stau abundance
Qzh? = 0.12 in every point of the plane. The dashed curves instead assume the scaling of the bound
with the thermal abundance if Q:h? = OthE2 < 0.12, which corresponds to the case in which the
twin stau is only a sub-component of the total DM. The BBN-excluded region is gray, while the
parameter space with a tachyonic twin stau is purple. In the red region, the twin sneutrino or stau is
the LSP, and in the brown region, the twin neutralino is the LSP. The decay length contours of the stau
dz =1,0.1 m are purple. The black dashed line labelled LLCP ATLAS is a contour for m; = 430 GeV,
which is a lower bound for long-lived stau (dz > 1 m).
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Relatively light staus could be produced in colliders and observed as either a long-
lived particle (for the stau decay length dz 2 1 m) or a disappearing charged track (10cm <
dz < 1m) [48]. This region is shown in Figure 4 by two purple solid curves. In the minimal
scenario, the decay of the stau is mediated by bino-higgsino-twin higgsino-twin bino mixing.
Higgsino-twin higgsino mixing is obtained by integrating out heavy degrees of freedom
and, in principle, is UV-dependent. We found that the decay length is approximately

given by
m: N2/ M \*/ 10GeV \°
dr = 2'7m<300 GeV) (106 GeV> <mf - mf,) ®)

"+

where 1/ M is the effective coupling of the d = 5 operator % 't77’. The reference value
of M can be obtained in D-term SUSY twin Higgs models; see Ref. [15] for details. Those
results provide the upper limit on the stau decay length and could be altered by an O(1)
factor in specific UV completion. It should be noted that even small bino-twin bino mass
mixing could enhance the stau decay and hide the signal [15].

For a very small mass splitting between the stau and the twin stau, the stau becomes
too long-lived and causes cosmological problems. For nearly degenerate cases, the stau
decays after the BBN and spoils the nuclei primordial abundance. In Figure 4, the BBN
bound is shown by a coloured gray region and corresponds to the region in which the
decay channel T — #/t7't is kinematically closed, mz < mz + my + mo.

Disappearing charged track searches exclude staus with masses below about 200 GeV [49],
which corresponds to underproduction of the twin-stau LSP. This search does not really
constrain this scenario, since the bound on DM self-interactions already sets the lower
limit on the mass of the twin stau m% 2> 210 GeV but may become relevant when the LHC
collects more data.

A long-lived right-handed stau with the decay length above dz 2 O(1) m is excluded
for masses up to 430 GeV [50]. Since, in a significant portion of the parameter space, the
stau can be a long-lived particle, we also include a contour of the stau mass m: = 430 GeV
in Figure 4 indicating the current ATLAS bound (black dashed curve). It is clear that, for
the twin stau saturating the DM relic abundance, the long-lived stau is allowed by the LHC
data. However, it must be stressed that this is the case due to a light bino, which boosts
stau masses reproducing Q™42 = 0.12 above 450 GeV.

We will elaborate on the effect of a light bino when we discuss the effect of the SU (4)-
breaking scale on the parameter space. Still, long-lived-particle searches do constrain the
scenario in which the thermally produced twin stau is only a fraction of the observed DM,
n= OthE2/0.12. For mostly right-handed stau DM, it sets the lower bound on the twin stau
fraction of the observed DM between 1 = 0.75 for m3;, ~ 700 GeV (lowest value satisfying
both dz > 1 m and new LZ results) and 17 ~ 0.9 for m3; ~ 820 GeV (largest value satisfying
the BBN constraint).

XenonlT has already excluded the case of maximally mixed twin stau DM, probing
masses up to 550 GeV. New limits on DD cross-sections from LZ [32] exclude the whole
region characterized by a large left-handed component of the twin stau including the one in
which the twin-stau thermal abundance is too large but ()z/h? = 0.12 is obtained assuming
late entropy injection. While it may seem from the plot that one needs to go into a very
specific part of the parameter space, it should be kept in mind that v’ /v = 3 is the lowest
value allowed by the Higgs coupling measurements. Since the interaction of the twin stau
with nucleons is mediated by the Higgs portal, larger ratios of VEVs v/ /v can substantially
weaken those bounds.

Figure 5 presents the results of varying v’ /v to show the effect of high scale SU(4)
breaking. We set mzgr = m3;, — 600 GeV so that the twin stau is mostly right-handed. We
consider two qualitatively different cases of light and heavy bino.
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Figure 5. The same as in Figure 4 but in the m3g - v’ /v plane for mzgr = m3;, — 600 GeV, u = 1 TeV,
tanB = 30 and a light bino with M; = 1 TeV (left panel) or a heavy bino with M; = 2 TeV
(right panel).

For large v’ /v and m3g < 300 GeV, the off-diagonal stau mass term dominates, and
the twin stau becomes tachyonic. Since the mass splitting between the twin sneutrino and
the left-handed twin stau is set by my/, v’ /v cannot be too large also for m3r 2 300 GeV,
otherwise the twin sneutrino would be the LSP or even tachyonic.

Interestingly, the BBN constraint also provides an upper bound on m3p since increasing
mg3R reduces the mass splitting between the stau and twin stau. Moreover, the BBN constraint
also sets an upper bound on v'/v. This is because, in the limit of large v/, the D-term
contribution to the twin stau mass that is proportional to v'?> dominates over the Z,-
symmetric contribution from soft SUSY breaking.

Since the off-diagonal term in the twin stau mass matrix, which tends to decrease the
twin stau mass, grows only linearly with v’ and cannot compensate the increase of the twin
stau mass due to the D-term, the mass difference between the twin stau and stau decreases
leading to the BBN exclusion for large v. All in all, for the parameters used in Figure 5, the
twin stau can be the LSP without violating the BBN constraint only if v’ /v < 12.

Figure 5 demonstrates that increasing v’ leads not only to suppressed DD cross-section
but also to larger stau masses compatible with Qthp2 = 0.12. This is because, for small v’ /v,
the mass splitting between the stau and twin stau is small, and coannihilations efficiently
enhance the relic abundance (for a fixed LSP mass) so that a smaller twin stau mass is
required to match the observed DM density.

As mentioned before, a light bino significantly increases the annihilation rate of the
twin stau. As a result, the twin stau is kept in equilibrium longer, freezing out with a
lower abundance. Moreover, since the decay of the stau is mediated by the coupling to
the bino and by higgsino mixing, a light bino necessarily means that the stau decay length
becomes shorter.

In the case of a light bino with M; = 1 TeV, presented in the left panel of Figure 5,
correct relic abundance is achieved for twin stau masses between about 400 GeV for
v' /v = 3 up to about 500 GeV for v’ /v ~ 10. Notice also that, for v’ /v between about 10
and 12 at my ~ 0.5mys, resonant annihilation into twin fermions is very efficient, leading
to QK2 = 0.12 even above 500 GeV; however, much larger values are not possible due to
the BBN constraint. While a large part of the parameter space has the stau decay length
above 1 m, the Q%2 = 0.12 contour lies above mz = 430 GeV for v/ /v 2 3, and hence
the current constraints from the ATLAS searches for long-lived charged particles are not
stronger than those from the Higgs couplings measurements. As expected from Figure 4,
the new results of the LZ experiment do not constrain the twin stau LSP with a large
fraction of the right-handed component for v’ /v > 3.
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However, the expected sensitivity of LZ can probe the thermal twin stau DM up to
v’ /v ~ 6.5, which would correspond to 5% fine-tuning in the case of null results. In the case
of a heavy twin bino with M; = 2 TeV, as shown in the right panel of Figure 5, the correct
relic abundance is obtained for twin stau masses between about 350 GeV for v/ /v ~ 3
and up to about 400 GeV in the limit of large v/, except for the region with the twin stau
resonant annihilation via Z’ exchange where the twin stau mass can exceed 500 GeV and is
limited only by the BBN constraints, similarly as in the light bino case.

The heavy bino increases the lifetime of the stau, so that all parameter space with
the correct relic abundance also has d > 1 m. Considering this, the ATLAS search for
long-lived particles set a lower bound v'/v 2 6 assuming twin stau thermal DM. The
expected sensitivity of LZ probes values of v/ /v up to about 8 in the thermal scenario,
which, in the case of null results, would correspond to fine-tuning of about 3%.

It is noteworthy that the mostly right-handed twin stau DM is currently more con-
strained by the the ATLAS search for long-lived charged particles than by the new LZ
results. However, the full sensitivity of the LZ experiment will probe large parts of the
parameter space with mz > 430 GeV, which is currently unconstrained by the LHC.

4. Conclusions

We analysed the implications of the new LZ results on supersymmetric twin dark
matter. We considered a twin neutralino and a twin stau as candidates for DM.

In the scenario of the twin-neutralino LSP, the new LZ bound sets a lower limit on the
higgsino mass parameter y, which is related to the naturalness of the model. This bound
depends on tan  and M;. We demonstrated the constraint from the new LZ results for
benchmark parameters corresponding to the previous analysis of Ref. [14]. Moreover, we
presented the interplay between y and tan  on the prospects of direct detection of the
twin-neutralino DM.

For tan B = 5, the new LZ results excluded p < 1 TeV for the DM mass of about
100 GeV; however, this bound could be relaxed to u < 600 GeV for tan f = 20. These
results are not in tension with naturalness, since one naturally expects that y ~ f, and thus
u ~ 1 TeV does not induce tuning worse than 10%. The LZ is expected to strengthen these
bounds with the full dataset expected in a few years. For tan § = 5, it could exclude i up
to 3 TeV, which is disfavoured by naturalness. However, for large tan § = 20, those limits
could be aslow as u > 1.3 TeV.

In the twin-stau LSP scenario, the new LZ results exclude a large left-handed compo-
nent of the twin stau LSP. The DD cross-section in this case strongly depends on the ratio
v’ /v and could be substantially reduced for larger SU (4)-breaking scales. We demonstrated
the updated DD bounds from LZ for the benchmark parameters analysed in Ref. [15]. More-
over, in Figure 5, we explicitly showed the impact of varying v’ /v on the parameter space in
cases of light and heavy bino. We analysed in depth the interplay between the searches for
long-lived charged particles and the current and future constraints from LZ. The LZ experi-
ment with the full dataset will probe parts of the parameter space that are yet unavailable
for collider searches.

Let us end with a general remark that, while complete exclusion of these scenarios
seems unlikely in the near future, the LZ experiment is expected to probe the most natural
part of the parameter space. Thus, we should learn in the coming years whether twin
supersymmetry can simultaneously explain the EW scale and provide the solution to the
DM puzzle.
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